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A B S T R A C T   

As a result of COVID-19 and in order to combat the spread of the virus, work-from-home and remote working has 
become a widely accepted practice in professional settings globally. It is widely known that we are currently 
experiencing a highly transient period in terms of how we define work. Office work is progressively becoming 
more collaborative, modern workforce more mobile, and office occupancy more dynamic. As flexible working 
evolves, it becomes apparent that the role of workspace is also changing. So will the occupancy patterns and 
operation of office building. Using a mixed-method approach, this paper explores the future of offices, consid
ering flexible working model and investigates the operational energy consumption of UK office buildings in the 
post-pandemic era. Previous research has shown that office buildings are one of the five largest sectors in the 
building stock in terms of energy consumption. The results of this study demonstrate that by embracing emerging 
transitions in hybrid working model and activity-based workspace environments, the energy demand in the office 
building sector could fall below pre-COVID-19 levels, with significant energy savings reaching up to 50% energy 
reduction in comparison to the pre-pandemic situation.   

1. Introduction 

A review into the history of offices illustrates how office design has 
always been led by dynamic changes in society [1]. Across the world, 
work-from-home (WFH) has been rising steadily for over a decade [2–4], 
peaking suddenly in spring 2020 due to the COVID-19 pandemic, when 
almost overnight, the world's offices emptied [5]. The governments' 
restrictions imposed internationally to fight COVID-19 advised (and in 
many cases, mandated) people to stay in their homes and triggered the 
largest ever ‘experiment’ of home working [6]. Online platforms and 
technology-enabled solutions facilitated – at least temporarily - the full 
transition of white-collar working activities from office-based to remote, 
home-based working [7]. Now as we see buildings, cities and countries 
reopening, it is important not to lose focus on flattening the curve for 
energy use and CO2 emissions, as a way to tackle climate change. 

Office buildings are one of the five largest building stock sectors in 
energy consumption, requiring 27.6GWh/year in the UK and 68% of 
total non-domestic electricity use [8]. The commercial and real estate 
sector consumes 40% of global energy annually and accounts for more 
than one third of carbon emissions [9]. London alone has 300 million ft2 

of office space, producing approximately 3 million tonnes of CO2 

annually [9]. 
Energy use in office buildings has seen a considerable rise in recent 

years [10] due to the expansion in office floor space and the increase in 
building utilisation (affecting heating and lighting demand) [10], the 
prolonged occupancy hours, the significant growth in information 
technology [11], and the extensive use of air-conditioning [12] (often 
operated beyond occupants' control). Although this trend is partly offset 
by considerable improvements in building envelope efficiency [11], 
evidence shows that small power and ICT equipment [13] and lighting 
[14] account for a significant proportion of energy end-use [15]. In 
many offices, especially open plan ones, lights often remain on even 
when the space is no longer being used [11]. Masoso et al. [16] con
ducted a monitoring study of five office buildings and revealed the 
“shocking quantities of energy being wasted during non-occupied hours in 
commercial buildings” [16,p.1], with more energy used out of hours 
(56%) than during working hours (44%) due to occupants leaving 
lighting and equipment on at the end of the day. Space cooling is also 
cited as a significant cause of energy use in offices [1,10,13]. Uncon
trolled solar gains due to extensive glazing facades, higher internal gains 
due to increased use of IT equipment, and poorly controlled artificial 
lighting can all cause overheating and result in increased cooling 

* Corresponding author at: School of Architecture, Building and Civil Engineering, Epinal Way, Loughborough University, Leicestershire LE11 3TU, UK. 
E-mail address: e.mantesi@lboro.ac.uk (E. Mantesi).  

Contents lists available at ScienceDirect 

Energy Research & Social Science 

journal homepage: www.elsevier.com/locate/erss 

https://doi.org/10.1016/j.erss.2021.102472 
Received 18 June 2021; Received in revised form 11 December 2021; Accepted 17 December 2021   

mailto:e.mantesi@lboro.ac.uk
www.sciencedirect.com/science/journal/22146296
https://www.elsevier.com/locate/erss
https://doi.org/10.1016/j.erss.2021.102472
https://doi.org/10.1016/j.erss.2021.102472
https://doi.org/10.1016/j.erss.2021.102472
http://crossmark.crossref.org/dialog/?doi=10.1016/j.erss.2021.102472&domain=pdf


Energy Research & Social Science 87 (2022) 102472

2

demand in the workspace [1]. 
An increasing amount of research published in current literature has 

focused on the operational energy consumption in office buildings and 
more specifically on the energy-relevant interaction of occupants with 
buildings [17–25]. Other studies have analysed various aspects of 
human-building interactions, focussing primarily on the socio- 
psychological factors that affect energy-saving behaviours in the work
place [20,26,27]. It is now widely acknowledged that the traditional 
view of building engineering, which focussed solely on technical aspects 
of building technologies, is not adequate to predict the actual energy use 
in the sector [17,25]. Human behaviour significantly affects building 
performance and energy consumption [24]. 

The evolving new working practices due to digitalisation, in 
conjunction with anticipated changes in working model as a conse
quence of the pandemic, are expected to significantly affect the design 
and operation of offices and consequently the human-building interac
tion. Understanding occupancy patterns in future offices is crucial dur
ing this transient period in which the meaning of the office work is 
changing rapidly. COVID-19 acted as a catalyst and accelerated pre- 
existing trends such as the rise of remote working. Pre-COVID-19 
studies have shown that the number of workstations being used in an 
office is usually around 50% to 60% of the notional population within a 
building [28,29], translating to 3.5 million tonnes of unnecessary CO2 
emissions from New York and London alone [9]. Preliminary research 
on the impact of remote working on energy consumption conducted 
after the pandemic outbreak [30] has shown that if those who primarily 
work in an office were able to work from home (worldwide) at least one 
day per week, it would save 1% of global oil consumption per year. 
Despite the expected rise in residential energy consumption, research 
shows that the overall impact of remote working on the global CO2 
emissions would be an annual decline of 24 million tonnes [30]. 

What is seen as “normal” in office operation is evolving and this has 
both technical and social dimensions that can influence the prospects for 
achieving energy efficiency. A significant opportunity is presented to 
assess solutions on how to “redefine” the office of the future to support 
the evolution of flexible working patterns, while simultaneously pro
moting more energy efficient office buildings. To achieve this, a 
fundamental question needs to be answered first: How will the future 
workplace change in the post-pandemic era due to flexible working and how 
will this affect its energy performance? The study presented in this paper 
aims to provide new insights on the workplace of the future and to explore the 
impact of flexible working patterns on the operational energy consumption of 
office buildings in the post-pandemic era. 

1.1. Historical evolution of workspace 

The first corporate office was the London headquarters of the British 
East India Company [1699–1774] [31] but it was not until the beginning 
of the industrial revolution that the modern office was created [32]. The 
invention of railways, telegraph, telephones and typewriters, moved the 
office away from the factory and into business premises [31,33], eco
nomic activity and manufacturing gathered in city and town centres. A 
number of ancillary professions “flourished on the back of heavy in
dustry” [5]. The extended use of steel, combined with the invention of 
elevators, introduced the skyscrapers as a symbol of power [33], and 
office blocks were built reaching up, designating the gradual discon
nection of workspace's relationship to the city. The introduction of air- 
conditioning in the 1930s and fluorescent lighting in the 1940s resul
ted in deep plan structures, since building design was no longer limited 
by natural lighting and ventilation [1,34]. The need for intense super
vision and micro-management as a driver for ‘productivity’ led to a new 
type of unpartitioned, open-plan office, where rows of desks and 
equipment were arranged as to accommodate numerous people working 
efficiently in the given area [31]. Work became the frame of life and 
office became the fabric of work. 

Two distinct types of offices developed over the years [1,31–33]: the 

“corridor” or “cellular” office, and the “open-plan” office. Between 
1950s and 1960s, the Schnelle brothers in Germany introduced a third 
typology of office type, the “Burolandschaft” design or “landscape” of
fice. The landscape office was a typology based around human inter
action and human-centred design [31]. 

Over the last decades, the introduction of laptops, WiFi and mobile 
phones promoted the emerging patterns of agile and flexible working. 
Reflecting on the changing working practices, and as an effort to 
accommodate the needs of current workforce, an increasing number of 
organisations are adopting more flexible and adaptable office design 
solutions. Adaptability in architecture refers to the capacity of buildings 
to accommodate substantial change and it has been characterised as a 
very useful design concept often associated to improved environmental 
performance (more efficient use of space, increased longevity, improved 
operating performance) [35]. Flexibility is a term often correlated to 
adaptability and refers to the ability of a building to continuously adapt 
its space layout and even its structure to evolving needs [36]. A flexible 
workspace can therefore be defined as a “multi-functional” space, 
designed to accommodate the requirements and to support the different 
tasks that take place in the building. Activity-based workplace (ABW) 
design is an approach to office design that embraces the concept of space 
flexibility. ABW suggests replacing rows of desks with WiFi and shared 
spaces for informal breakouts, formal meetings and quite concentration 
zones [31]. The idea of ABW design was first introduced by the architect 
Robert Luchetti in the late 1980s, who defined a series of different lo
cations that office workers could use for various activities. It was a 
human-centric and idealistic approach to office design, which later 
became distorted and misunderstood as a synonymous to hot-desking 
[37]. Nevertheless, the basic concept of ABW design involves much 
more than just desk-sharing. ABW environments provide office workers 
with a variety of indoor workspaces purposively designed to accom
modate different tasks, enabling people to move frequently during the 
day, choosing the right place to develop their daily activities [38–40]. 
The principles of ABW concept are gradually shifting the core idea of 
office design from “amount of space” per person to the “kind of space” 
per person, where the aim is to promote autonomy, flexibility, effi
ciency, knowledge sharing and to facilitate collaboration, solidarity, and 
interaction among co-workers. Despite the different benefits of flexible – 
ABW environments, they are commonly misinterpreted as simply a cost- 
saving exercise that organisations employ to increase occupancy den
sities and reduce the associated cost of their real estate portfolio [37,40]. 
The combination of unassigned desks and extreme densities are found to 
be some of the biggest reasons why some people do not want to go to the 
office [41]. 

Contemporary offices have repeatedly been criticised in the litera
ture as being associated with high levels of distraction, emotional 
exhaustion and poor employees' performance [29,42–46]. However, the 
recent WFH experience, imposed by COVID-19, brought to the surface 
the urgent need to make office buildings more habitable, humane, and 
safe. Office buildings are a product of their time and the people who 
occupy them [31]. As Duffy successfully noted in his book [32,p.216], 
“the meaning of the working environment cannot be taken for granted in times 
of change, because the office is such a precise mirror of attitudes”. Therefore, 
the office building is an entity that should be easily adaptable over time, 
able to accommodate the businesses' and employees' changing demands. 
History have shown that our cities and buildings have always been 
influenced by disease outbreaks. The modern street grid was attributed 
to the introduction of sewage systems, as a way to combat cholera. And 
the light-flooded, clinically white tuberculosis sanatoria inspired the 
wipe-clean aesthetic of modern architecture [47,48]. In a similar way, 
COVID-19 is expected to affect how we use buildings in the post- 
pandemic status quo and is likely to affect how we design buildings in 
the future. 
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1.2. The impact of the COVID-19 pandemic on working culture and 
workforce needs 

Remote working1 has proven to be successful during the COVID-19 
lockdown, and several factors were found to contribute to its success 
[49]. According to [50], these factors included a better work–life bal
ance, most notably the reduction in commuting time and cost for em
ployees, having fewer distractions to complete tasks and better 
collaboration that has been facilitated by the technology. There were 
initially two extreme ends in the spectrum of debates about the post- 
COVID-19 workplace speculations:  

1. Back to ‘normal’: once immunity is achieved, the office work will go 
back to how it used to be.  

2. ‘Death’ of the office: the pandemic induced the end of the office as we 
know it altogether. 

Preliminary research however shows the future of workplace is more 
likely to be somewhere in between. The post-pandemic work model will 
comprise a combination of office-based and remote working [49–57]. 
Leesman [58] found that employees' experience of WFH is very much 
dependent on their daily activities. For employees with highly collabo
rative profiles, workplace provided a better experience in 55% of the 
cases. In contrast, those with highly individual profiles reported a better 
experience at home in 61% of the cases. Therefore, the choice for 
businesses is non-binary; a mix of traditional office spaces, home offices 
and semi-public spaces is most likely the future of work [57]. 

Workers indicated a greater autonomy and lower work-life conflict 
when working remotely between 2.4 and 3 days per week [49,51,55]. 
Anything beyond that could be considered harmful to the relationships 
with co-workers [49], and could have a perceived cost in long-term 
productivity, corporate culture, and innovation and creativity 
[41,53,55]. Several studies highlighted the important role of the office 
as a place for team building, collaboration, problem-solving and inclu
sive communication [51,53,54]. Despite the various problems of 
contemporary offices, research shows that the pandemic is not expected 
to put an end to the need for office environments [59,60]. People are 
social beings, excess in isolation and poor interactions with colleagues is 
likely to cause low performance [61,62]. Furthermore, certain collabo
rative activities have been proven more effective when the environment 
allows in-person interactions [63,64]. Finally, the COVID-19 WFH 
experiment highlighted that remote working is likely to exacerbate 
economic, gender and other inequalities [65]. Not everyone has the 
resources or is able to work from home [50]. For all the reasons 
mentioned above there is optimism that the office will continue to be an 
important aspect of everyday work life in the future. Therefore, orga
nisations will need to determine the right balance of remote work to 
advance their organisational priorities rather than one that sees a move to
wards an office-free world [49,p.5]. 

1.3. The impact of the COVID-19 pandemic on workspace design 

Following the increase of remote working, to justify its existence, the 
office will have to become a destination with a purpose [41]. Certain 
researchers have used the term social “hub” to define the new role of 
workspace in the post-pandemic world [52,53,59,60,66]. People argue 
that the need for personal office space will reduce, since most of indi
vidual work can take place at home. Simultaneously, the demand for 
other kinds of spaces is likely to increase. Preliminary research results 
show that communal spaces, which promote collaboration, innovation, 
meaningful interaction among members of the organisation, problem- 

solving and knowledge sharing, will prevail within an office building 
in the future [29,51–53,59,60,67]. Instead of ditching their offices all 
together, companies will have to adjust their real estate portfolio to offer 
a more “free address” environments [67], more “we” space and less “me” 
space [64], as a way to support a more mobile workforce. Flexibility of 
space is at the forefront of future real estate portfolio for most organi
sations [59,60]. Flexible office arrangements will be key in future real 
estate strategies [52,53]. In a recent survey conducted by CBRE [66], 
82% of building occupiers stated that they desire flexible office space 
options when they select buildings. 

The emerging hybrid working model is also expected to change how 
much space organisations need, where it will be located and how it will 
be configured. The future workplace may not be sized to house everyone 
in case all the employees show up [9]. Instead, the use of intelligent 
technology could be employed to schedule attendance, to track space 
utilisation tied to occupancy and to allow transparency for accessing and 
visualising office usage [9,52,59]. Furthermore, the decades-long trend 
of densification2 is now likely to be reversed [52,57]. Social distance 
requirements and flexible working practices that allow for distancing (i. 
e. agile working, temporal and spatial flexibility) will likely act as 
stopper to this trend. 

The office of the future will have to become more human-centric 
than before, synthesising the best of what WFH has to offer and what 
working from the office should be [51,54,67]. There is a growing need 
for connectivity, both physically and digitally. To accommodate hybrid 
working patterns and remote collaboration, private spaces and tech
nologies should be offered (alongside social zones) to support meetings 
with colleagues who are working remotely [51]. The pandemic has 
influenced people's expectations around the meaning of workplace. The 
lessons learned from COVID-19 could allow us to re-evaluate norms and 
correct past mistakes, as a way to promote a more sustainable, low 
carbon and healthy office of the future. 

2. Methodology 

To create offices that will be able to capture people's changing needs, 
while simultaneously support carbon reduction targets, we need to un
derstand the fundamental working culture shifts that took place over the 
last months since the beginning of the pandemic. To achieve this, the 
study presented in this paper adopted a mixed-method approach to the 
analysis and involved two main phases. 

2.1. Phase 1: explorative study on emerging working patterns 

Phase one of this research adopted an exploratory stance to research, 
with the aim to examine a topic which is relatively new, dynamic and 
still unfolding [68–70]: the future of office work and office space in the 
post-pandemic era. Since very little research has been done in this field, 
this preliminary step aimed to provide some initial insights into the 
nature of the issue [71] and to assist the development of research hy
potheses [72] to be tested in the second phase of the analysis (i.e. energy 
performance evaluation of future offices). 

For the data collection, this preliminary exploratory study started 
with an extensive web and literature search to identify and review any 
secondary data available. The topic keywords informing the search were 
“Future of work”, “Future office”, “Remote working”, “Work-from- 
home” and “Post-pandemic Office”. The relevant literature is mainly 
dominated by industry reports and online newspaper articles, since it is a 
rather new topic and very few academic articles were identified. The 
study continued with formal qualitative research through semi- 
structured online interviews with 12 key professionals from the office 
building sector and the corporate real estate industry. New empirical 

1 The term “remote working” covers all forms of teleworking. It is used to 
signify paid work done outside of an office, whether at home, or elsewhere. The 
term “work-from-home” is used to signify paid work solely done at home. 

2 Densification is the term used to define the trend of business to provide less 
space per office-using employee. 
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data were collected on the future of work from exceptional stakeholder 
groups [72]. The interviewees represented two types of groups: “elites”, 
in other words senior directors and energy/ sustainability managers, and 
experts in the topic area, i.e. consultants, researchers and academics in 
the area of workplace design. The sample of participants was purposive 
[68], selected to represent people who are behind decision-making in 
terms of workspace quality and energy performance in office buildings. 
Data collection seized after 12 interviews, once saturation was achieved 
and since further new insights were no longer being generated. The aim 
of the interviews was to provide empirical evidence of participants' 
perception, experiences and meanings of the studied phenomenon 
[73,74], covering five main aspects: digitalisation, working patterns, 
office design, building operation, and organisational outcomes. In that 
respect and in the nature of social science, the study adopted an 
inductive approach to qualitative research, aiming to suit the intended 
objectives [72]. Consequently, its primary contribution was empirical in 
improving understanding of a new topic and not generating widely 
generalisable theories. 

All interviews were recorded, transcribed and thematically analysed 
to allow for great theoretical flexibility [75,76]. Given the relatively 
small size of research sample, the results were analysed manually. 
Starting the data analysis with some pre-established codes, further 
newly generated codes were added through the iterative reading of 
transcripts. A coding framework of 20 top-level codes and 21 sub-codes 
was developed based on both the initial research questions and the 
collected data. Following the organisation of initial codes to emerging 
themes, the interpretation was carried out in order to understand the 
significance of the patterns and their meaning as well as implications by 
linking the findings of this research to previous literature and other 
studies' outcomes [77]. A set of five themes eventually emerged, helping 
to define a list of possible future scenarios associated to office design and 
operation. These speculative scenarios were subsequently used to inform 
the different test cases of the parametric computational analysis used to 
evaluate the energy footprint of future offices, and which is further 
described in the next sub-section. 

2.2. Phase 2: energy performance evaluation of future offices 

The operational energy performance of future offices was evaluated 
with computational analysis, using quantitative building energy 
modelling (i.e. dynamic simulation). Dynamic simulation of buildings, 
also known as Building Performance Simulation (BPS), is generally 
accepted as a powerful tool for analysing the energy performance in 
buildings [78–80]. It is often associated with the term virtual laboratory 
used to conduct virtual experiments [81]. It is commonly used to assess 
the performance of hypothetical, alternative design and operation sce
narios and to find quantifiable answers to “what-if” design questions 
[81–83]. 

2.2.1. Office building model 
A representative office building was adopted in this analysis. The 

office layout used in the building models was based on the example 
provided by the British Council for Offices (BCO) for a typical office floor 
plan with a conventional occupancy density of 10m2/person, as shown 
in Fig. 1 [84]. 

The initial ratio between individual and collaborative spaces was 
assumed 70%/30% (respectively), based on the recommendations of the 
BCO [84]. The exploratory survey indicated that one of the key 
emerging themes in future office design is the use of office space for 
mainly collaborative activities. This has also been confirmed by other 
recent studies published in literature [52,60,66]. Therefore, the ratio 
between individual and collaborative spaces in the post-pandemic long- 
term adaptation measures (TC3- TC5, as explained in Section 2.2.2) was 
assumed to be reversed, with roughly around 40% of space dedicated to 
individual desks and 60% of space dedicated to more collaborative 
zones. The utilisation factor is defined as the percentage of workstations 

being used at any given time in respect to the notional population of the 
office [28,85]. According to the BCO guide to specification for office 
design [84] assuming a utilisation factor of 85% is a reasonable upper 
limit for the pre-COVID-19 situation (i.e. because it was rare to have an 
office building being 100% occupied at all times). Following the recent 
WFH experiment, research has shown that assuming an average 1.5 to 2 
days when employees will work from home in the future hybrid working 
model translates to a utilisation factor of maximum 60% at any given 
time [52]. All the occupancy profiles with regard to working hours, 
operation of office equipment and lighting, heating and cooling sched
ules were adopted according to the National Calculation Methodology3 

(NCM) [86]. Furthermore, the construction method, materials and U- 
values used in the building fabric were also defined according to the 
input values described in the NCM [86]. Finally, the building was 
assumed to be mechanically ventilated, with ventilation rates at 12 l/s/ 
person in the pre-COVID-19 BaseCase, as suggested by the BCO [84], 
which were later increased according to the latest guidance to 6 ACH in 
all the post-COVID scenarios (TC2-TC5) [87]. 

2.2.2. Deterministic building performance simulation 
A list of different Test Cases (TC) was developed (as described in 

Table 1 and illustrated in Fig. 2). The parameters tested in each of the 
TCs modelled in the deterministic simulation derived from the findings 
of the exploratory study, in Phase 1 of the analysis. Starting with a 
BaseCase representing the Pre-COVID-19 situation, TC1 assessed the 
impact of social distancing and the provision of more space per occu
pant. TC2 investigated the effect of increased ventilation rates, TC3 
looked into the aspect of ABW design with a shift in collaborative vs 
individual zones split. TC4 investigated the result of reduced office 
space, due to the adoption of ABW principles (i.e. office is primarily 
intended for collaborative activities, hence less space is needed overall 
to accommodate the same number of people). Finally, TC5 analysed the 
impact of reduced utilisation factor due to the prevalence of hybrid 
working. 

A parametric analysis was conducted using EnergyPlus v.9.5 simu
lation tools [88]. Parametric analysis is a powerful technique that a 
modeler can use to evaluate numerous potential designs and to establish 

Fig. 1. Typical office floor plan (Adapted from BCO Guide to Specifica
tion [84]). 

3 NCM is a procedure for demonstrating compliance with Building Regula
tions. The NCM provides standard sets of data for different activity areas and 
includes common databases of construction and service elements [87]. 
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parameter dependencies of the solutions [89,90]. It evaluates the impact 
of different input parameters on the examined output (in this case the 
energy consumption of the building being analysed). The first step of the 
parametric analysis was to assess the energy performance of the building 
in the pre-COVID-19 situation (i.e. BaseCase). This was performed by 
looking at the annual energy demand breakdown for several important 
regulated energy uses: heating, cooling, lighting, fans and pumps, office 
equipment and computers. This initial step served as a benchmark and a 
reference point to compare the different future scenarios against. The 
next step was then to assess the impact of some immediate short-term 
adaptation measures (TC1 and TC2) on the energy consumption of the 
office building. Finally, the analysis focused on the long-term adapta
tions and future changes in office building design and operation, based 
on the findings of the exploratory study in phase one of the research 
(TC3 – TC5). 

2.2.3. Probabilistic building performance simulation 
It is generally accepted that we are currently experiencing a rather 

transient period with regard to the global economic trajectory and the 
future of work is very unpredictable [57]. Consequently, there is also a 
high level of uncertainty on some of the assumptions made in the future 
scenarios of workplace design and office building operation. To account 
for some of these uncertainties, probabilistic simulation was performed 
on the future office building model, using Monte Carlo-based global 
uncertainty and sensitivity analysis (UA/SA) [91,92]. Uncertainty 
analysis (UA) is conducted to show the variability in the output of a 
model that can be attributed to variability of the input (uncertain input 

parameters) [91]. Sensitivity analysis (SA) determines the contribution 
of individual input variables to the uncertainty in performance 
predictions. 

Monte Carlo Analysis (MCA) requires that the model inputs are 
described by a probability distribution. All parameters are varied at the 
same time, hence all possible interactions between the variables are fully 
accounted for. Latin Hypercube Sampling (LHS) method was employed 
as a sampling method to generate sampled variables desirable for the UA 
and SA [91,93,94] using SimLab 2.2.1 [95]. Different techniques are 
available for the SA [91]. This paper uses the standardised rank 
regression coefficient (SRCC) to demonstrate the results. The underlying 
principle is: the higher the coefficient, the more sensitive one variable is. 

A total of 300 simulations were performed in JEPlus v.2.1 [96]. The 
process was undertaken in three main steps:  

1. Pre-processing  
2. Simulation  
3. Post-processing 

The tools and methods used for each of these steps are shown in Fig. 3 
below. 

3. Results 

3.1. Key themes 

The following sub-sections present the results of the exploratory 

Table 1 
The different test cases (TCs) used in the parametric analysis.  

TC Investigated Parameter NIA 
(m2) 

Workstations Utilisation 
Factor 

Occupancy Density Ventilation Rate Individual/ 
Collaborative Split 

BC Pre-COVID performance  8890  575  85% 10(m2/prs) 12(l/s/prs) 70%/30% 
TC1 Physical distancing / lower densities  8890  360  85% 16(m2/prs) 12(l/s/prs) 70%/30% 
TC2 Increased ventilation rates  8890  360  85% 16(m2/prs) 6ACH (plus two hours in 

operation prior occupancy) 
70%/30% 

TC3 More collaborative zones, less 
individual desks (ABW design)  

8890  918  85% 16m2/prs (individual 
desks) 
10m2/ prs 
(collaborative zones) 

6ACH 40%/60% 

TC4 Reduced NIA according to the needs 
of the organisation  

5570  575  85% 16m2/prs (individual 
desks) 
10m2/ prs 
(collaborative zones) 

6ACH 40%/60% 

TC5 Impact of hybrid working model  5570  575  60% 16m2/prs (individual 
desks) 
10m2/ prs 
(collaborative zones) 

6ACH 40%/60%  

Fig. 2. Test cases used in the parametric analysis. Starting from the pre-COVID-19 situation (BaseCase), the figure illustrates the short-term adaptation measures 
(TC1-TC2), as well as the long-term design changes resulted from the adoption of activity-based workspace design (TC3- TC5) - For further details can be found 
in Table 1. 
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study on the future of the “post-COVID-19” offices. To aid the analysis, 
the participants of the interviews were asked to provide their perspec
tives on five important issues, as these derived from the literature 
review:  

• The implications of digitisation on emerging working patterns  
• The impact of the pandemic on the future of work  
• Potential changes on the design of future offices due to changes in 

working model  
• Potential changes on the operation of future offices due to changes in 

working model  
• Challenges and opportunities for organisational outcomes in the 

post-pandemic era 

The analysis focused on office-based work with the aim to define 
possible future scenarios regarding the post-pandemic workspace design 
and operation. It is acknowledged, however, that the workplace is not 
only dedicated to desk-based jobs. There are also cleaners, caterers, 
security staff and other professions in the broader sense, which are 
associated with the daily operation of office buildings. However, for the 
purposes of this study the results were strictly analysed from the scope of 
white-collar/ office-based workers. 

This paper is predominantly intended to explore expected changes in 
the energy performance of future offices due to flexible occupancy 
patterns focussing on their operational energy consumption. Therefore, 
several important elements that are not part of the architecture and are 
not part of the quantifiable performance of the building were inten
tionally left outside of the analysis. Aspects such as employees' perfor
mance and productivity, creativity, innovation and knowledge- 
exchange opportunities, although highly affected by the quality of of
fice environment and while often discussed during the interviews, are 
outside the scope of this study and are not discussed in this paper. 

From the results of the qualitative interviews, five prominent themes 
were identified and are further discussed below. 

3.1.1. “De-densification” of contemporary offices is crucial 
An important issue that was discussed repeatedly during the in

terviews was the problem of high densities in contemporary offices. This 
trend has been evident for several years now [28] and is mainly seen as a 
result of high rental costs. 

“… if you look at the office design in the last decade, it's been what I'll call 
a race to the bottom... how do you squeeze more people into less space by 
going into open plan, one-size fits all.” (Interviewee 11, Head of 

occupier business performance at a multinational real estate 
company) 

Increasing office densities have resulted in environments that are not 
well-accepted by their occupants, having numerous issues that 
compromised the indoor environmental quality (IEQ), such as problems 
with acoustic performance, reduced thermal comfort for the users, 
among others. 

“I think that contemporary offices have become over-congested, and I 
think this is one of the things that has driven people to work from home, 
even before the pandemic started… And there is a degree of inhumanity 
about it, that people are working in much to close quarters with each 
other.” (Interviewee 2, Head of environment and sustainability at a 
big charity organisation) 

So, among the various changes in workspace design that are anticipated 
because of COVID-19, the de-densification of offices is characterised as a 
crucial one. 

3.1.2. The changing role of office 
The pandemic has affected the corporate culture around remote 

working. Increased levels of home-based working are now much more 
acceptable in comparison to the recent past (before COVID-19). This 
change in attitudes is also expected to affect the role that the office space 
will have in the future. Consequently, there is a consensus that office- 
based work will involve primarily collaborative activities and the of
fice space will be mainly used as an opportunity to socialise and interact 
with colleagues and clients, whereas focused work is mainly expected to 
take place at home. 

“… There is going to be a need, or let's say an appetite from employees to 
want to go into an environment where they can see each other and engage 
with each other. Those serendipitous situations, ‘water-cooler moments’ 
as they like to say.” (Interviewee 9, Development director at a 
workplace consultancy company) 

The role of the office is changing. However, adopting this binary 
perspective that ‘office is for collaboration, home is for focused work’ is 
potentially an oversimplistic view. In reality, most employees' daily 
routine involves a combination of individual and collaborative activ
ities. Therefore, most employees will require a mixture of collaborative 
spaces and spaces dedicated to focused work. 

“When you think about your typical working day, you don't normally 
spend 8 hours to having meetings and then spend 8 hours writing up your 
notes. It is a combination ... The office is going to be important still, but it 
cannot just be for collaboration. It is going to have to be a balance and a 
mixture of different types of environment, including areas for individual 
focused work.” (Interviewee 9, Development director at a workplace 
consultancy company) 

Furthermore, there are circumstances in which people are not able to 
effectively work and concentrate from home. And this is an important 
consideration and a potential pitfall of office design in the post- 
pandemic era. Therefore, it is rather important to ensure that a certain 
percentage of workspace is allocated to individual focused work. How
ever, it is safe to assume that going forward the ratio between collabo
rative and focused-work zones is expected to change. Allocated 
individual desks are expected to decrease and shared space is likely to be 
dominant in the post-pandemic offices. 

“The office interior will need to shift … to 30% being individual desks … 
50% being collaborative spaces and about 20% being support spaces to 
bring together people for knowledge-sharing, for health and well-being, for 
community building activities.” (Interviewee 11, Head of occupier 
business performance at a multinational real estate company) 

Fig. 3. Three steps within the uncertainty and sensitivity analyses.  
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3.1.3. Workspace design for a greater diversity of spaces 
The anticipated changes in the way people work are also expected to 

affect the needs for office design. And since the office is gradually 
turning into a merely social hub, mainly intended for collaboration and 
human interaction, a greater diversity of spaces within the office is going 
to be needed. ABW environments have seen a rise over the last years. 
This type of workspace design is thoroughly reviewed in recent litera
ture, primarily in respect to their impact on productivity, employees' 
satisfaction and Person-Environment fit [38–40,97]. The results of this 
exploratory survey suggest that the use of ABW environments will in
crease in the post-pandemic future. This is mainly attributed to the 
suitability of such environment in supporting a more dynamic and 
flexible way of working, as the one anticipated in the post-pandemic era. 
Several participants, when questioned about their “ideal” future office, 
answered that diversity of spaces is among the most important 
attributes. 

“When we measure workplaces, the ones that come out on top are those 
that have a lot of variety for their stuff, so diversity of spaces is key. And 
that is not just cookie-cutter like. It is about making sure that they are 
relevant to the population that is using that space.” (Interviewee 9, 
Development director at a workplace consultancy company) 

3.1.4. A blended/hybrid working model 
There is a general consent that flexible and agile working styles were 

already happening over recent years, a finding also evident in previous 
studies published before COVID-19 [2,4,98]. The BCO [28,p.4] defined 
agile working “as a range of workstyles that are technology-enabled, not 
dependent on a single place of work, characterised by a high level of choice 
and mobility and usually involving desk-sharing”. Digitalisation has been 
commonly discussed as a significant enabler to flexible working pat
terns, which has also been identified as a significant factor affecting the 
design of office building over the last years. 

“And office design … has definitely changed over the years, for example, 
with increasing aspects of activity-based working whereby you don't 
allocate desks but give people choice of different settings and they would 
go in and they would definitely need laptops or digital devices to kind of 
choose various work points throughout the day, taking their laptop with 
them”. (Interviewee 6, Senior academic at a higher education 
institution) 

It is widely accepted that COVID-19 acted as a catalyst to the adoption of 
home-based and remote working, and it has drastically affected corpo
rate culture and attitudes around agile working. Even those organisa
tions that were more sceptical about it, for security or other 
management-related issues, were forced to accept the imposed situa
tion of having their workforce work remotely during the lockdown. In 
line with other studies conducted on employees' satisfaction around 
home-working during COVID-19 [50,52,54,55,66], the interviews 
indicated a positive feeling towards and a likely increase in the levels of 
flexible working: 

“…90% of people felt trusted by their managers to work remotely. And … 
baby boomers, who tend to be managers, actually had the best WFH 
experience during the pandemic. … The ability to trust people to do work 
remotely means that organizations are much more prepared to embrace 
flexible working patterns.” (Interviewee 11, Head of occupier business 
performance at a multinational real estate company) 

However, the study confirmed that the office environment will continue 
to be an important asset for organisations for reasons related to social 
interaction, collaboration and team building. Therefore, a blended/ 
hybrid approach between remote and office-based working is expected 
to prevail in the post-pandemic corporate world. 

“… when you look at the surveys … people are going to want to come in 
the office maybe 2-3 days a week. That's going to be the norm.” (Inter
viewee 7, Workplace strategist and change manager at a workplace 
consultancy company) 

This anticipated hybrid approach between remote and office-based 
working is also expected to affect the utilisation factors in offices, in 
other words, the percentage of workstations being used at any given 
time in respect to the notional population of the office [28]. The uti
lisation factors in offices are expected to decrease. Some organisations 
see that as an opportunity to reduce their real estate footprint. Taking 
advantage of this new approach to working model can effectively reduce 
the organisations' need for office space. And a potential real estate 
portfolio downsize could have significant economic and environmental 
benefits (i.e., reduced use of resources). However, it is important to 
ensure that any office space reduction does not compromise the true 
spirit of agile working. There seems to be a common misinterpretation 
that rotating people in the office, where certain members of workforce 
coming in the office certain days, while others coming on other days, is 
considered flexible working. But in fact, this is not flexible, it is a kind of 
planned use of the space. 

“… There should be a flexible approach when people come in and go. The 
whole idea around agile working is that people would come in the office 
when they need to; work from home when they want to do focused work, 
come in the office when they want to interact.” (Interviewee 7, Work
place strategist and change manager at a workplace consultancy 
company) 

3.1.5. Dynamic and flexible office operation 
The prevailing hybrid model of work implies that the occupancy of 

future offices will become much more dynamic in the post-pandemic 
era. As a consequence, flexibility in the design of the space is impor
tant. It is imperative to ensure that our buildings will be able to adjust to 
future changes imposed by numerous global issues, including safety, 
climate change resilience, digital transformation, among others. In 
addition, flexibility in the use of building services4 was also discussed as 
a key consideration for office building construction going forward. 
Several participants discussed the importance of associating buildings' 
operation to occupancy patterns. 

“You need flexibility, flexibility in services, HVAC, lighting; either zone- 
controlled or small areas controlled… Some form of control that is 
occupancy-based rather than heat/cool the whole building whether it's 
one, two or ten people in it.” (Interviewee 4, Energy manager at a 
higher education institution) 

Table 2 summarises the key findings of the exploratory study and ex
plains how the key themes relate to the different factors and test cases 
investigated in the computational analysis. Furthermore, a short defi
nition is given for each of the different investigated factors to clarify how 
they are used in the context of this paper. 

3.2. Parametric analysis on future office scenarios 

The findings of the exploratory study were issued to inform the 
different Test Cases (TCs) used in the parametric analysis. The results of 
the parametric analysis are illustrated in Fig. 4. The graph shows the 
annual energy consumption breakdown according to the different en
ergy uses for each of the analysed test cases. Looking at the pre-COVID 
situation (i.e. BC in Fig. 4) we can see that for the specific building, the 
total annual energy consumption of the building was estimated to be 

4 The term building services is used to define the systems installed in the 
building for lighting, space conditioning (HVAC), escalators and lifts, and do
mestic hot water (DHW). 
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around 1000MWh, with heating and equipment energy use dominating 
the energy demand, followed closely by lighting and cooling. When 
physical distancing (desk spacing out) was introduced in the space as an 
immediate response to COVID-19 (i.e. TC1 in Fig. 4), there was a 
negligible decrease in energy use, and the demand breakdown was 
identical to the pre-COVID situation. In TC2, when the ventilation rates 
were increased to 6ACH and the ventilation schedule was prolonged to 
start at least 2 h prior to occupancy (according to the latest safety 
guidance - [99]), the total energy consumption has more than doubled 
(above 2000MWh), with the annual heating demand becoming more 
than 3 times higher in comparison to the previous two TCs. The annual 
cooling demand was, as expected, decreased and the energy attributed 
to fans and pumps of the ventilation system was significantly increased 

due to the enhanced operation of the system. 
When looking at the long-term adaptation measures, and more spe

cifically the introduction of ABW design (i.e. more collaborative zones 
and less area dedicated to individual desks, TC3), we can see that the 
annual heating demand was significantly decreased in comparison to 
TC2. This is mainly attributed to the change in ventilation schedule, 
which after immunity has been achieved is expected to go back to the 
pre-COVID regime (system in operation only when spaces are occupied). 
The ventilation rates however remained high and equal to 6ACH, 
assuming that the provision of fresh air will continue to be an important 
consideration even after this specific virus is no longer a threat. TC4 
showcases the impact of reducing the Net Internal Area (NIA) to reflect 
on the needs of the specific organisation (more collaborative zones in 
ABW design allows for more people to be hosted in a smaller building, in 
comparison to having mainly individual desk areas). As illustrated in the 
graph, the reduction of the NIA by 33% was able to host the same 
number of employees while simultaneously decreasing the total annual 
energy consumption to slightly above the pre-COVID-19 situation (i.e. 
slightly above 1000MWh per annum). TC5 illustrates the expected 
impact of hybrid working and reduced utilisation factors (i.e. around 
60% of notional population in the space on a daily basis). In this TC the 
heating demand was still higher in comparison to the pre-COVID-19 
situation (BC), because the provision of fresh air was still high. How
ever, the total energy consumption of the building was below the pre- 
COVID-19 levels (i.e. 874MWh), while a better IEQ was provided for 
the occupants (better occupancy densities, more diverse spaces, better 
indoor air quality (IAQ)) (Table 3). 

3.3. Uncertainty and sensitivity analysis on energy consumption of future 
offices 

Assuming that the space utilisation factor is going to be 60% each 
and every day of the week is a gross simplification. Moreover, no one 
really knows what will happen with the ventilation rates in the post- 
pandemic office. Will the high provision of fresh air continue to be 
high, or are we going back to the situation that existed pre-COVID-19? 
These two aspects represent two highly uncertain input variables for 
the simulation predictions. Furthermore, since the occupancy of social 
and collaborative areas is effectively very dynamic (there are no struc
tured ways of sitting) it is important to investigate the occupancy den
sities in such zones using a probabilistic range rather than a 
deterministic value. Finally, since the results of the deterministic 
simulation (parametric analysis) indicated that the heating demand is 
the most important parameter in the annual energy consumption of the 
future office, the analysis investigates the impact of relaxing heating and 
cooling setpoints in the secondary (supportive) zones of the building. 

For all the reasons stated above, the computational analysis in this 
paper included the use of probabilistic simulation (i.e uncertainty 
analysis - UA) to assess the variability in the simulation predictions 
resulted from unknown input variables in the simulation models. 
Moreover, sensitivity analysis (SA) was performed to evaluate which of 
the uncertain input variables have the highest impact on the investi
gated output. All the parameters included in the probabilistic simulation 
are summarised in Table 4 below, as well as their distribution range. 

The results of the UA show that, despite the many unknowns, the 
total annual energy consumption of the building in the post-COVID-19 
situation (i.e. TC5 in parametric analysis) is always calculated to be 
below the pre-COVID-19 standards, despite the provision of increased 
fresh air for the occupants. The estimated future energy consumption 
ranges between 543MWh and 950MWh (Fig. 5). These findings indicate 
that if the future office is indeed transformed to a social hub providing 
more collaborative areas and less space for individual focused work, the 
hybrid model of work continues to exist and the use of building services 
is flexibly tied to occupancy patterns, then the energy consumption of 
the building is expected to decrease significantly in comparison to cur
rent situation (i.e. around 2200MWh) and it is expected to fall below the 

Table 2 
Summary of key themes, explanation of how they relate to different factors and 
test cases investigated in computational analysis and definition of key factors 
investigated in the analysis.  

Key Themes Factor Investigated in 
Computational Analysis 

Test Case 
Scenario 

3.1.1 “De-densification” of 
contemporary offices is 
crucial 
The occupancy densities in 
office building need to be 
reduced and more generous 
space has to be provided to the 
occupants. 

Occupancy Densities: 
The amount of space allocated 
per working station 

TC1 

3.1.2 The changing role of 
office 
Office 
The role of the office is 
changing. Office-based work 
will involve primarily 
collaborative activities and the 
office space will be mainly used 
as an opportunity to socialise 
and interact with colleagues 
and clients. The split between 
individual/ collaborative zones 
is expected to change, with the 
latter occupying most of office 
space. 

Activity-Based Workspace 
design: 
Working environments that 
involve a variety of indoor 
workspaces purposively designed 
to accommodate different tasks.  

Individual/ Collaborative 
zones split: 
The percentage of space 
dedicated to individual, focused 
work versus the percentage of 
space dedicate to collaborative 
work. 

TC3 

3.1.3 Workspace design for a 
greater diversity of spaces 
The office is gradually turning 
into a merely social hub, 
mainly intended for 
collaboration and human 
interaction. Therefore, a 
greater diversity of spaces 
within the office is going to be 
needed. The use of ABW 
environments will increase in 
the post-pandemic future 
offices. 

3.1.4 A blended/ hybrid 
working model 
The emerging hybrid approach 
between remote and office- 
based working is expected to 
affect the utilisation factors in 
offices. The percentage of 
workstations being used at any 
given time is expected to 
decrease. 

Utilisation Factor: 
The number of workstations 
being used at a time divided by 
the maximum number of 
workstation available in the 
office. 

TC5 

3.1.5 Dynamic and flexible 
office operation 
Hybrid working will result in 
more dynamic office 
occupancy. Flexibility in the 
use of space and the operation 
of building services is a key 
consideration for future office 
buildings. 

Flexible occupancy: 
Variable utilisation factors and 
dynamic occupancy densities.  

Flexibility in building services: 
Occupancy-based building 
services operation. 

Probabilistic 
Analysis  
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levels that existed before the pandemic. Fig. 6 illustrates the frequency 
distribution of the annual energy consumption for the future office 
scenario In most cases the histogram shows energy demand fluctuations 
between 650MWh and 800MWh per year with a clear peak at 670MWh. 

Fig. 7 shows the sensitivity ranking of the different uncertain 

parameters based on the SRCC. The higher the SRCC the higher the 
impact of this variable on the investigated simulation output (i.e. in this 
case annual energy consumption). A positive sign in the SRCC implies 
that when the value of the variable increases, so does the energy con
sumption of the building (positive effect). In contrast, a negative sign in 
the SRCC indicates a negative effect of the variable to the simulation 
output. The plot shows that the most significant parameter affecting the 
annual energy consumption of the office building is the utilisation fac
tor, in other words how many people of the notional population of the 
building are indeed in the space. The higher the utilisation factor the 
more the energy consumption. This is somehow expected, because more 
people will require more fresh air (hence more heating demand), more 
energy is used in lighting, equipment and so on and so forth. This is of 
course based on the assumption that the building services (i.e. lighting, 
ventilation, etc.) are operated in accordance with occupancy levels. 

The second most important parameter affecting the variability of the 

Fig. 4. Annual energy consumption of the building according to the different test cases. The bars illustrate the energy demand breakdown according to the energy 
uses: heating energy, cooling energy, fans and pumps of ventilation system, lighting and electrical equipment & computers. 

Table 3 
Annual energy demand of each test case according to the different energy uses, 
as well as total annual energy consumption per test case.  

Actual Energy Demand BC TC1 TC2 TC3 TC4 TC5 

Heating Energy  336  305  1523  1041  720  596 
Cooling Energy  136  124  61  56  36  24 
Fans, Pumps  31  24  145  114  70  50 
Lighting  146  146  146  125  77  77 
Equipment + Computers  320  320  320  285  194  126 
Total Energy Consumption 

(MWh)  969  919  2195  1621  1097  874  

Table 4 
Uncertain parameters investigated in the UA and SA, as well as their distribution 
ranges.  

Ventilation Rates U[3ach, 6ach] 

Utilisation Factor U[40% - 85%] 
Occupancy Density Social Area U [8m2/prs – 12m2/prs] 
Heating Setpoint (in secondary zones) U [18 ◦C – 20 ◦C] 
Cooling Setpoint (in secondary zones) U [25 ◦C – 27 ◦C]  

Fig. 5. Total annual energy consumption: comparison of building's energy 
demand in the pre-COVID situation, the current situation informed by latest 
safety guidelines and possible future performance of the “social-hub” office, 
accounting for uncertainty in future scenario predictions (error bar in 
the graph). 

Fig. 6. Frequency distribution of annual energy consumption when considering 
uncertainty in all parameters investigated. 

Fig. 7. Sensitivity plot showing the 9 most sensitive parameters based on 
annual energy consumption when considering uncertainty in all parameters. 
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simulation output is the ventilation rate of the social areas on each floor. 
Furthermore, the ventilation rate of the focused-work zones is also 
considered an important parameter affecting the energy demand of the 
building. Increased ventilation rates result in increased energy con
sumption. The occupancy density of the social areas seems to have a 
negative (but negligible) effect on the energy consumption. In other 
words, when the occupancy densities increase, the energy consumption 
of the building decreases. Finally, the heating setpoint of the secondary 
zones also has a negligible effect on the energy demand (i.e. when the 
heating setpoints are higher, then the energy demand increases – as 
expected). 

4. Discussion 

Office buildings are considered one of the five largest sectors in the 
UK building stock in terms of energy consumption [8]. The requirements 
of the current workforce for office space have been changing massively 
since COVID-19 started, due to the increase of flexible and agile work
ing. Therefore, a significant opportunity has been presented to take 
advantage of current transitions in working culture to redefine our needs 
for office environments, and to simultaneously incorporate energy 
reduction targets and climate change agenda in future office design and 
operation. 

The aim of this paper was therefore to explore the impact of flexible 
working patterns on the operational energy consumption of office 
buildings in the post-pandemic era. Flexible working can be divided into 
three areas – flexible space, flexible location, and flexible time. Flexible 
location implies people's ability to choose where they work. And since 
WFH has recently become much more acceptable, the occupancy pro
files in the workspace are also expected to become much more dynamic, 
with people coming and going, resulting in decreased utilisation factors 
in the office during a typical working day. In the future, after the 
pandemic has ended, people are expecting and hoping to be able to work 
more often from home, where some focused-work activities are better 
supported. This finding is discussed in published literature [52,53,56] 
and is also evident in the findings of our survey. Consequently, the office 
environment is expected to turn into a place mainly dedicated to social 
interaction. People are more likely to go to the office, when they wish to 
collaborate, interact, and socialise with colleagues and clients. Expect
edly, some people will still prefer to do focused work in their office as 
well. Therefore, the future workspace is expected to include some zones 
allocated to desk-based, individual activities. 

A more dynamic occupancy is found to be better supported by flex
ible office environments. Flexible office space is much more than merely 
an open-plan layout. A flexible office provides a greater diversity of 
spaces, where people are able to move freely during their working day, 
choosing the right setting to complete their daily activities. As a result, 
there are ongoing discussions in current literature that ABW design is 
expected to prevail in the post-pandemic offices [51,58]. This finding 
was also confirmed by the exploratory study conducted as part of this 
research. The distribution of workspace in more collaborative zones and 
less space dedicated to focused work will also affect the occupancy 
densities at the same time. The trend of intense office densification, 
which was evident over the last years [28], is expected to stop. Pre
liminary findings on the needs of current workforce from the post- 
COVID-19 offices show that people will desire to have additional per
sonal space in the office [49,52,57]. Furthermore, increased physical 
distancing is most likely to continue to be a requirement even after 
immunity to COVID-19 will be achieved. 

Time flexibility is also an important consideration in the future of
fices. The assumptions, commonly used in the past, of a 9 to 5 working 
day, whereby most people would sit on their desk doing their job, 
currently appears obsolete. Working hours in a typical working day are 
becoming more variable. According to the different types of working 
flexibility as described by the UK Government, flexitime is defined as 
“the ability of employees to choose when to start and end work (within agreed 

limits) but works certain ‘core hours’” [100]. This effectively translates to 
extended occupancy hours for office buildings. This practice might come 
in conflict with the traditional use of energy management systems that 
require pre-programming of daily temperature setpoints (allowing for 
night setbacks) [19]. In other words, if the space is occupied outside of 
typical working hours, using a setback temperature would compromise 
the thermal comfort of the occupants. 

An important lesson learned from the pandemic is that the future is 
highly unpredictable. As a consequence, future resilience and planning 
for uncertainty are now at the forefront of future real estate portfolio for 
most organisations [59,60,66]. Flexibility in the use of space, but also in 
the building services emerged as a key point of discussion throughout 
the qualitative interviews conducted in this research, a finding which 
was also highlighted by the energy simulation analysis presented in this 
paper. 

Deterministic simulation was used to evaluate the estimated energy 
consumption for a list of different future office scenarios. The results 
pointed out that although currently the energy consumption of offices is 
somewhat increased in comparison to pre-COVID-19 situation, due to 
the higher ventilation rates, the adoption of a more collaborative 
workspace design, following the principles of ABW, can effectively 
reduce the energy demand of the building. This finding is also confirmed 
by previous research [101]. The transformation of the office into a social 
‘hub’, as commonly mentioned in literature [52,53,60], can also reduce 
the needs of organisations for workspace. A reduction in the real estate 
footprint is possible since less office space will be needed because some 
of the individual activities may now take place at home. Our energy 
simulations showed that decreased utilisation factors (due to hybrid 
working) can further reduce the energy consumption of ABW offices 
even below the pre-COVID-19 standards. 

Another significant finding of our computational analysis is the 
importance of incorporating a level of flexibility in the operation of 
building services. More specifically, if the use of building systems is tied 
to occupancy, then even further energy savings are possible. The results 
of the UA showed that, if the space is conditioned only when occupied, 
based on occupancy levels the energy consumption of the future office 
can be almost half of what it used to be in the pre-COVID-19 office. The 
results of the SA confirmed that the most significant parameter affecting 
the energy demand of future offices is the utilisation factor, or in other 
words the occupancy levels on a typical working day. If the utilisation of 
the space is high (and the use of building systems is adjusted to occu
pancy levels), then more energy will be required to operate the building. 

Reducing energy use in the office building sector makes sense from a 
business perspective because it saves money, it enhances corporate 
reputation [102–104] and reduces the impact on climate change. 
Companies in the UK (and globally) are gradually becoming more en
ergy conscious [103,105] and the analysis presented in this paper sup
ports this effort by assessing some key energy saving considerations for 
workspace design and office operation going forward. The results of 
both the deterministic and probabilistic simulation demonstrated that 
the office of the future that adopts the principles of ABW design and is 
operated following the model of hybrid work will require less energy 
that the pre-COVID-19 equivalent, while simultaneously providing a 
better IEQ with a higher provision of fresh air for safety reasons and 
more diversity of spaces, thus making the work environment more 
attractive to the users with improved and more humane occupancy 
densities. Buildings for office space are a significant expense for busi
nesses, yet, if used efficiently, also a resource that can be optimised to 
deliver real benefits in employee satisfaction, resulting in increased 
performance and well-being. Energy efficient solutions in offices, how
ever, are sometimes perceived as a potential threat to perceived comfort, 
well-being, and performance of office users [106]. Productivity is a 
difficult concept to measure empirically, especially with regard to 
workers' output. To overcome this issue, researchers often measure 
workers' perception of productivity, and how it relates to their working 
environment. According to [106], staff productivity and output can be 
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improved by providing a more comfortable working environment. 
Therefore, improving energy efficiency not only can save money for the 
business, but it can also improve working conditions which can poten
tially increase staff productivity. 

5. Research limitations 

There are several constraints and limitations in the study presented 
in this paper. One of the most important is that the whole analysis was 
performed for the context of a typical UK office building. Both phases of 
the study explored the impacts of COVID-19 on the UK office sector by 
interviewing participants that are all based in the UK and by analysing a 
typical office building according to the recommendations of the BCO. 
This poses a question with regard to the external validity of the research 
findings; consequently, it should not be assumed that the findings of the 
paper are easily generalisable to different contexts elsewhere (nor was it 
our intention to generalise the results). Although current literature 
suggests that a similar situation is evident in other countries of the world 
[54,55], it is not possible to confirm this from the results of this analysis. 

The energy consumption quantification was performed for a single 
theoretical building, representing a typical office in the UK according to 
the recommendation of the BCO. This inevitably relies on some as
sumptions on building construction, occupancy profiles and systems 
operation. Typical schedules and benchmarks values published in cur
rent literature, guidance and standards (such as [86,87,99]) were used 
to represent an average use of the space. This is a simplification that was 
deemed to be acceptable considering that the purpose of the study was 
to compare the relative performance of the building before and after the 
COVID-19 outbreak. However, if the aim was to attempt an estimation of 
the actual future energy consumption of office buildings in the post- 
pandemic era, then the analysis would have to focus on real building 
case studies and the analysed sample would have to include a variety of 
different examples to cover the whole range of office buildings design in 
the UK (i.e. cellular, open-plan and landscape offices). Furthermore, the 
computational analysis relied on several assumptions with regard to the 
occupancy densities, utilisation factors and ventilation rates, as these are 
published in latest guidance (i.e. BCO guide to specification [84]). These 
are all highly uncertain input values and to account for the uncertainty 
in the simulation results, probabilistic analysis and sensitivity test were 
performed. As an initial estimate a standardised assumption of a ± 20% 
uniform distribution was used to explore the input ranges of the un
certain parameters (with respect to their normative or assumed base 
value). The rationale for this standardised approach, in the absence of 
more certain information, was to avoid introducing bias to the SA results 
due to assigning variable ranges of uncertainty. However, it should be 
acknowledged that representing the actual range of uncertainty more 
realistically could potentially reveal further influential parameters that 
in a fixed uncertainty range would be disregarded as unimportant. 
Finally, another limitation of this paper is that the analysis was only 
conducted for mechanically ventilated office buildings, whereas natu
rally ventilated cases and buildings that rely on hybrid ventilation (a 
combination between natural and mechanical ventilation) were 
excluded and could form the basis for further research. 

6. Conclusions 

This study is the first explorative analysis on the operational energy 
consumption of future offices in the post-pandemic era, as an effort to 
promote energy efficiency and the climate change agenda in the com
mercial and real estate sector. To be able to provide a working envi
ronment that satisfies the needs of the current workforce, it is important 
first to comprehend what those needs are. Facing the impacts of the 
pandemic, the white-collar workers globally were forced to re-consider 
and re-define various norms and habits related to office work that were 
established for many decades. We are currently experiencing a very 
transient period in which the meaning of the office work is changing 

rapidly as does the role of workspace. As Janda [107] comments, it is not 
the buildings that use energy, but the occupants within the buildings. 
For that reason, it is now rather important to synthesise building tech
nology and energy efficiency research with social science, as an effort to 
understand the interconnection between humans and buildings. Occu
pancy and representation of people's behaviour in an office is important 
and has a direct effect on the building's energy performance [22]. 
Human behaviour is stochastic, so it is difficult to define the number of 
people occupying a specific space, as well as the duration of the occu
pancy [108]. In the past, the occupancy profiles in office buildings were 
considered relatively easy to characterise - at least easier in comparison 
to other building types. The relationship between the number of em
ployees and the required office space grew arithmetically in parallel to 
each other. Moreover, activity patterns in offices were considered rela
tively steady and mainly related to typical working hours [22]. Nowa
days, however, a more dynamic model of office work is prevailing, and 
this is also expected to affect the occupancy and operation of office 
buildings. Consequently, this paper explored the impact of flexible 
working patterns on the operational energy consumption of office 
buildings in the post-pandemic era by providing new insights on the 
emerging working culture and the role of workspace in the future. 

The paper involved an exploratory study in the form of qualitative 
interviews, seeking to shed light into the future of office work and office 
space. Key professionals from the office building sector were asked to 
provide their perspectives and views on the future of offices, once the 
pandemic is over. Subsequently, the paper deployed computational 
analysis with the aim to quantify the potential energy demand for a list 
of likely future office scenarios. 

The findings of the study indicate that the future office will be mainly 
needed for solidarity, for community building, for knowledge exchange, 
but also for social interaction and to create a feeling that employees are 
part of something bigger. The operation of office buildings is changing 
too. A new blended/hybrid way of work is expected to dominate in the 
future, with a typical working week divided between office-based and 
remote work. The analysis highlighted that by embracing such transi
tions in office work, the energy demand in the office building sector is 
expected to fall below the pre-COVID-19 levels. This could be achieved 
while simultaneously providing a better working environment for the 
occupants, with increased ventilation rates, better occupancy densities 
and more diverse spaces, able to accommodate the changing needs of 
current and future workforce. 

Additionally, the results of this paper highlighted the significance of 
flexible office building use. When flexibility is incorporated in the use of 
workspace and most importantly in the operation of building services, 
significant energy savings can be achieved (close to 50% in comparison 
to pre-COVID-19 situation, based on the findings of this research). This 
is a potentially significant finding, pointing towards future directions for 
research in the field of intelligent controls and smart HVAC system 
operation. Combining booking technology with smart buildings services 
control could support hybrid working by synchronising the use of space 
by employees, while simultaneously saving carbon and money from 
wasted energy and promoting organisations' energy efficiency targets. 
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